Abstract-The Ekati Diamond Mine, located approximately 300 km northeast of Yellowknife in Canada's Northwest Territories, uses mechanical crushing and washing processes to extract diamonds from kimberlite ore. The processing plant's effluent contains kimberlite ore particles (Յ0.5 mm), wastewater, and two wastewater treatment polymers, a cationic polydiallydimethylammonium chloride (DADMAC) polymer and an anionic sodium acrylate polyacrylamide (PAM) polymer. A series of acute (48-h) and chronic (7-d) toxicity tests determined the processed kimberlite effluent (PKE) was chronically, but not acutely, toxic to Ceriodaphnia dubia. Reproduction of C. dubia was inhibited significantly at concentrations as low as 12.5% PKE. Toxicity identification evaluations (TIE) were initiated to identify the toxic component of PKE. Ethylenediaminetetraacetic acid (EDTA), sodium thiosulfate, aeration, and solid phase extraction with C-18 manipulations failed to reduce PKE toxicity. Toxicity was reduced significantly by pH adjustments to pH 3 or 11 followed by filtration. Toxicity testing with C. dubia determined that the cationic DADMAC polymer had a 48-h median lethal concentration (LC50) of 0.32 mg/L and 7-d median effective concentration (EC50) of 0.014 mg/L. The anionic PAM polymer had a 48-h LC50 of 218 mg/L. A weight-of-evidence approach, using the data obtained from the TIE, the polymer toxicity experiments, the estimated concentration of the cationic polymer in the kimberlite effluent, and the behavior of kimberlite minerals in pH-adjusted solutions provided sufficient evidence to identify the cationic DADMAC polymer as the toxic component of the diamond mine PKE.
INTRODUCTION
Canada's first diamond mine, the Ekati Diamond Mine (NT, Canada), began mining operations in October 1998. Diamonds are found in kimberlite, a magnesium-and calciumrich silicate mineral [1] , and extracted using mechanical crushing and washing processes that reduce 70% of the ore to fine (Յ0.5 mm) tailings. The fine kimberlite tailings, along with water used during the extraction process and secondary-treated sewage effluent from the main camp, are discharged to the designated containment facility, Long Lake. Earlier studies have demonstrated that the toxicity of crushed kimberlite in solution to aquatic organisms largely was a result of the high pH and the concentration of total suspended solids [2] . Ammonia and aluminum in combination with high pH (Ͼ9) were identified as the primary toxic compounds of kimberlite in solution [3] . Removal of total suspended solids from kimberlite solutions lowered the pH (Ͼ8) and significantly reduced acute toxicity to rainbow trout (Oncorhynchus mykiss) [3] and the chronic toxicity to daphnids (Ceriodaphnia dubia) [4] .
Although the diamond extraction process is chemical free, wastewater treatment polymers are added to the kimberlite fines within the processing plant to clarify water used during the extraction processes and facilitate colloids settling within the Long Lake Containment Facility. Two water treatment polymers were used at the Ekati Diamond Mine during the period of this research (1999) (2000) (2001) : A cationic polydiallydimethylammonium chloride (DADMAC) polymer and an anionic sodium acrylate polyacrylamide (PAM) polymer [5] . The cationic polymer was added to the kimberlite fines to overcome the negative electrostatic charges that cause colloidal particles to repel one another and remain in stable suspensions. Once the colloidal suspensions are destabilized, the anionic polymer is added to the fines to induce particle flocculation. The anionic polymer physically forms inter-particle bridges that draw colloids into larger aggregates that rapidly settle out of suspension [6] .
The toxicity of polymers to aquatic organisms is dependent upon the chemical structure and physical properties of the polymers. Cationic polymers with quaternary amines, such as poly-DADMAC polymers, are toxic to aquatic organisms at very low concentrations (Ͻ1 mg/L) [7] [8] [9] . The toxicity of cationic polymers to fish increases with increasing charge density [8] , whereas the toxicity to planktonic invertebrates is related to the molecular weight of the polymer [9] . Generally, anionic polymers tend to be less toxic to fish than cationic polymers; 96-h median lethal concentration (LC50) estimates for fathead minnows (Pimephales promelas) are Ͼ20 mg/L [10] .
The objective of this study was to determine if processed kimberlite effluent (PKE) was toxic to the cladoceran C. dubia and to identify the toxicant(s) using toxicity identification evaluations (TIE). Ceriodaphnia dubia was chosen as the test species because it commonly is used in TIEs and in effluent toxicity tests required by regulatory agencies, it is distributed widely in North American waters, and it generally is sensitive to contaminants [11] . Toxicity identification evaluations are a relatively inexpensive and efficient way to characterize, identify, and confirm the identity of toxic components in effluents, ambient waters, sediments pore and elutriate waters, and leachates [12] . However, conventional TIE manipulations cannot easily characterize all dissolved wastewater treatment poly- mers as the toxic component of an effluent. Therefore, if PKE is consistently toxic after such manipulations, it will be necessary to use supplemental toxicity testing and a weight-ofevidence approach to identify the toxic component(s).
METHODS

Effluent samples
Processed kimberlite effluent was collected outside of the processing plant or at the tailings discharge pipe to the Long Lake Containment Facility and shipped from the Ekati Diamond Mine (NT, Canada) to Saskatoon (SK, Canada) by air in 20-L plastic pails. Upon arrival, 72 to 96 h after collection, PKE was stored at approximately 4ЊC and toxicity tests initiated anywhere from 3 d to six weeks later (duration of storage did not appear to alter the effluent toxicity). Ten batches of PKE were collected at two-to three-month intervals between April 1999 and October 2001. A sample of tailings effluent without treated sewage effluent was obtained from within the processing plant in April 2000. This effluent, designated millprocessed effluent (MPE), contained the kimberlite fines, wastewater from the extraction processes, and the wastewater treatment polymers. A sample of the processing plant's intake water also was obtained in April 2000 for toxicity testing purposes.
Toxicity testing procedures
All toxicity tests were conducted in a controlled environment chamber with an air temperature of 24.5 Ϯ 0.5ЊC and the photoperiod set to 16:8-h light:dark. Ceriodaphnia dubia, maintained according to a standard culturing protocol [13] Canada) .
Processed kimberlite effluent was tested as whole effluent, supernatant, and/or filtrate. Whole PKE was stirred prior to toxicity testing to resuspend all settled kimberlite fines. The supernatant of PKE was collected from 20-L pails that had remained undisturbed for approximately 48 h. Filtered PKE consisted of supernatant that had been vacuum filtered through 2-m pore size paper filters (No. 5 Whatman filters; Whatman International, Maidstone, UK) followed by filtration through 0.45-m pore size membrane filters (Gelman Supor-450; Pallman Laboratories, Ann Arbor, MN, USA) at a rate of 25 to 50 ml/min. The MPE and plant intake water were filtered as described for PKE. The physical and chemical characteristics of 100% PKE supernatant and filtrate, 100% filtered MPE, and the processing plant intake water are provided in Table 1 . Control and dilution water for testing purposes was moderately hard, reconstituted water [13] with a mean dissolved oxygen concentration of 7.8 Ϯ 0.3 mg/L, a mean pH of 8.0 Ϯ 0.4, and mean hardness and alkalinity levels of 114 Ϯ 4 mg/L and 76 Ϯ 8 mg/L as CaCO 3 , respectively. Control and test solutions for each set of experiments were prepared up to 96 h prior to test initiation and stored at 4ЊC in 1-L highdensity polyethylene bottles. Prior to use, both control and test solutions slowly were warmed to approximately 25ЊC in a water bath.
Acute (48-h) C. dubia toxicity tests were conducted with 100% whole, supernatant, or filtered PKE according to an established test method for Daphnia magna [14] , with minor modifications. Ten replicates of five neonates born within 8 h of one another and less than 24-h-old were placed randomly in 25 ml of either control or test solution. Acute toxicity tests were considered acceptable if at least 80% of the control organisms survived. Chronic (7 Ϯ 1 d) C. dubia toxicity tests were conducted with ten replicates of single neonates (Յ24-h-old) placed in 20 ml of either control or test solution [13] . Feeding occurred at the time of test initiation and daily solution renewal. Two chronic toxicity tests were conducted using 100% PKE supernatant or filtrate from two different batches. This was followed by three 0.5ϫ serial dilution tests (100-6.25%); two tests were conducted on different batches of 100% filtered PKE and one on 100% filtered MPE. Chronic toxicity tests were terminated when 60% of the control organisms had produced their third brood, or at the end of 8 d, whichever occurred first. For a test to be acceptable, 80% of the control organisms had to survive to test termination and 60% of surviving adults had to produce at least three broods with a total of at least 15 neonates per adult. All toxicity tests, except for the graduated pH manipulation of the TIE, were performed in 30-ml glass beakers.
Phase I TIE test procedures
The objective of phase I TIE manipulations is to characterize the class(es) of compounds responsible for effluent toxicity [12] . Because there did not appear to be any significant difference in the toxicity of 100% PKE supernatant and filtrate, all TIE manipulations were conducted as chronic (7-d) toxicity tests using 100%, and sometimes 50%, filtered PKE. For each phase I TIE test, reconstituted water was manipulated identically to PKE and designated as the test control. A blank control, which was subjected to filtration but not TIE manipulations, was run concurrently with each test.
Ethylenediaminetetraacetic acid was used to determine if chelatible metals were responsible for toxicity and added to the appropriate test solution at each water renewal to yield final concentrations of 0.5 and 3 mg/L. Sodium thiosulfate was used to determine if oxidative compounds, such as chlorine, were responsible for toxicity and was added to the appropriate test solution at each water renewal to yield final concentrations of 1, 5, and 10 mg/L. No more than 5% dilution of test solutions occurred through the addition of either EDTA or sodium thiosulfate. Aeration, conducted at pHi (initial pH of effluent; ϳ8.2), was used to determine if PKE contained toxic compounds that were volatile, spargeable, or oxidizable.
Graduated pH tests were conducted to indicate the presence of pH-dependent toxicants. Test solutions were adjusted to pH 6.5 using 0.1N HCl. Routine measurements of pH at the end of each 24-h period indicated that the pH of PKE was increasing from approximately 6.5 to approximately 7.9 between each water renewal period. To reduce pH fluctuations, subsequent graduated pH tests were conducted in 30-ml covered plastic vials with no headspace [15] . Solid phase extraction (SPE), conducted with 3M Empore (3M, St. Paul, MN, USA) high performance C-18 disks, was used to determine if nonpolar organics were the toxic component of PKE. The C-18 SPE disks were preconditioned with methanol and water [12] . For this test, PKE initially was filtered through 0.45-m pore size membrane filters and then drawn through C-18 SPE disks by vacuum filtration at a rate of 100 ml/min. The post-SPE PKE was collected and tested for toxicity; the elutriate of PKE from the C-18 disks was not tested.
Adjustments to pH 3 or 11 were used to determine if PKE contained components that could be removed with subsequent filtration and/or SPE. Initially, it was thought that the toxic component of PKE could be a pH-sensitive, nonpolar organic compound. Therefore, PKE was filtered as described above, adjusted to pH 3, drawn through a C-18 SPE disk at a rate of 10 ml/min, and adjusted to pHi prior to testing. Following this experiment, all pH adjustments were made to the supernatant of PKE. The supernatant was adjusted to pH 3 or 11 with either 0.1N HCl or 0.5N NaOH, respectively, followed by being vacuum filtered through 2-m pore size paper filters and 0.45-m pore size membrane filters. After these manipulations, PKE was divided into two aliquots; one aliquot of each pH adjustment was put aside directly for toxicity testing purposes, and the other was drawn through C-18 SPE disks at a rate of 10 ml/min. Adjustments back to pHi were made with either 0.1N HCl or 0.5N NaOH.
Anionic and cationic resins, activated charcoal, kaolinite, and bentonite were added to PKE separately to determine if charged compounds were responsible for the observed toxicity. The anionic resin used was AG 1-X8 Resin, 20 to 50 mesh, hydroxide form, and the cationic resin used was AG 50W-X8, 20 to 50 mesh size, hydrogen form (Bio-Rad Laboratories, Hercules, CA, USA). The resins and activated charcoal (J.T. Baker, Phillipsburg, NJ, USA) were added to 100% PKE to yield a final concentration of 1.25 g/L and 2.5 g/L, respectively. Solutions were stirred for 2 h, held at 4ЊC for 12 h, and then vacuum filtered through 0.45-m pore size filters. The addition of both resins altered the pH of PKE; the cationic resins decreased the pH to 3.05, and the anionic resin increased the pH to 10.95. Adjustments back to pHi were made with either 0.1N HCl or 0.5N NaOH prior to toxicity testing. Kaolinite and bentonite are anionic colloidal particles that should bind to positively charged compounds such as the cationic polymers. These clays were used, in conjunction with filtration, in an attempt to reduce the toxicity of PKE. Kaolinite and bentonite (Sigma Chemical, St. Louis, MO, USA) both were added to PKE supernatant at concentrations of 1 and 5 g/L. Solutions were stirred for 2 h, allowed to settle for 18 h at 4ЊC, and then vacuum filtered using previously described methods.
Phase II TIE test procedures
The objective of phase II of a TIE is to identify the specific compound(s) within the classes characterized by phase I. The concentration of metals in both the supernatant and filtrate of PKE was determined by inductive coupled plasma-mass spectrometry (University of Saskatchewan Geological Sciences Department, Saskatoon, SK, Canada). Ammonia concentrations in PKE were determined using an Orion Aquafast II Ammonia Photometer (Orion Research, Beverly, MA, USA).
Additional toxicity tests
To ensure that neither ammonia nor increased water hardness were affecting the fecundity of C. dubia, 7-d chronic toxicity tests were conducted for both of these variables. The total hardness of reconstituted water was adjusted to 220 mg/ L as CaCO 3 , which was the highest water hardness of PKE measured prior to the test date (December 1999). Because ammonia is a pH-dependent toxicant, the reconstituted water used in these experiments was made to resemble, as close as possible, the water characteristics of PKE at that time (July 2000); the mean water hardness was 160 mg/L as CaCO 3 , alkalinity was 60 mg/L as CaCO 3 , and pH was 8.3. Two 7-d chronic tests were conducted to determine the concentration of ammonia that inhibited fecundity of C. dubia under our test conditions. Test concentrations of ammonia ranged from 0.1 to 80 mg/L.
A separate series of acute (48-h) and chronic (7-d) tests were used to determine the toxicity of the two wastewater treatment polymers used at the Ekati Diamond Mine to C. dubia. The cationic DADMAC polymer was MagnaFloc 368 and the anionic PAM polymer was MagnaFloc 156 (Ciba Specialty Chemicals, Suffock, VA, USA). Test concentrations were chosen based on the 48-h LC50 estimates for D. magna listed in the material safety data sheets for each polymer. Reconstituted water was used as dilution water, and test procedures were the same as described previously. Additional acute toxicity tests using C. dubia were conducted to determine if pH adjustments, alone or with filtration, altered the chemistry of the polymers in a manner that would affect toxicity. The polymer test solutions were adjusted to pH 3 with 0.1 N HCl, equilibrated for 2 h, and then adjusted back to pHi (8.0 Ϯ 0.4, initial pH of reconstituted water) with 0.5N NaOH. Further manipulations of the PAM polymer were not performed as the final concentration of this polymer in PKE was estimated to be ten times lower than the observed 48-h LC50 estimate for C. dubia. The cationic DADMAC polymer solution was adjusted to pH 11 with 0.5N NaOH, equilibrated for 2 h, and adjusted back to pHi or filtered, as described for PKE samples. Prior to toxicity testing, solutions were adjusted to pHi with 0.1N HCl.
Statistical analysis
The test endpoint for all chronic toxicity tests was fecundity, or the mean number of neonates per replicate. One-way analysis of variance followed by a Dunnett's test was used to determine the lowest-observed-effects concentration for the chronic serial dilution tests and significant differences between organisms exposed to different concentration of PKE within each TIE manipulation. Where the test for normality failed, the Kruskal-Wallis one-way analysis of variance on ranks was performed followed by a Dunn's test. Student's t-tests were used to determine significant differences between the test control and PKE for each TIE manipulation; if the test for normality failed, differences were determined using the MannWhitney rank sum test. Statistical analysis was performed using the computer program SigmaStat [16] with a 95% (p Ͻ 0.05) level of confidence. For ease and clarity of presentation, results for each TIE manipulation are presented as percent Fig. 1 . Mean (Ϯ standard deviation) fecundity of Ceriodaphnia dubia exposed to supernatant and filtrate of 100% processed kimberlite effluent (PKE). Both PKE (1) and (2) are tests conducted with different batches of effluent. An * denotes a significant difference relative to control fecundity as determined by one-way analysis of variance followed by a Dunnett's test (n ϭ 10; p Ͻ 0.05). Fig. 2 . Mean (Ϯ standard deviation) fecundity of Ceriodaphnia dubia exposed to a dilution series of processed kimberlite effluent (PKE) and mill process effluent (MPE). The MPE did not contain treated sewage effluent, but otherwise was identical to PKE. Both PKE (1) and (2) are tests conducted with different batches of effluent. An * denotes a significant difference relative to respective control organisms as determined by one-way analysis of variance followed by a Dunnett's test (n ϭ 10; p Ͻ 0.05).
fecundity relative to the respective test control. The percent fecundity was calculated by taking the mean number of neonates per replicate for each TIE manipulation and dividing it by the mean number of neonates per replicate for the respective control. Higher percentages indicate that manipulations reduced PKE toxicity. Filtered PKE that had not been subjected to further TIE manipulation was compared to the blank control. The trimmed Spearman-Karber method was used to calculate the LC50 estimates and associated confidence intervals [17] . The concentration of ammonia and the DADMAC polymer estimated to effect 50% (EC50) and 20% (EC20) of the population were determined using the inhibition concentration approach. Confidence intervals were calculated using a bootstrap procedure that subsamples the original data set 999 times to obtain a robust estimate of the standard error [18] .
RESULTS
Baseline toxicity tests demonstrated that whole 100% PKE reduced survival of C. dubia to 44%, but neither the supernatant nor the filtrate of 100% PKE were acutely toxic to C. dubia; survival in both cases was greater than 80%. Chronic exposure to PKE consistently resulted in reproductive inhibition, but not always mortality to the daphnid. Therefore, for the chronic toxicity tests, only reproductive data are presented, as these results clearly and consistently demonstrated that PKE was toxic to C. dubia.
A significant reduction in fecundity was observed in organisms exposed to 100% PKE supernatant and filtrate compared to the control organisms, but there was very little difference between supernatant and filtrate (Fig.1) . The intake water for the processing plant did not appear to contribute to PKE toxicity. Ceriodaphnia dubia exposed to the intake water averaged 15.3 Ϯ 7.3 neonates per replicate, which was not significantly different from controls that averaged 19.7 Ϯ 5.0 neonates per replicate. Results from the 7-d serial dilution experiments demonstrated that PKE (1) was toxic at concentrations as low as 12.5% effluent (Fig. 2) . Removal of the treated sewage effluent did not reduce the toxicity of PKE; the MPE had a 7-d lowest-observed-effects concentration of 25% that was comparable to the observed lowest-observed-effects concentration for PKE (2).
Phase I TIE tests
The low fecundity rates indicate that the EDTA addition, sodium thiosulfate addition, and aeration tests failed to reduce the chronic toxicity of PKE to C. dubia. In all cases, fecundity of C. dubia exposed to manipulated PKE was not significantly different from the respective unmanipulated PKE (Fig. 3A-C) . The higher fecundity rate for the graduated pH adjustment test (pH adjusted to 6.5) indicated a partial reduction in PKE toxicity to C. dubia (Fig. 3D) . However, fecundity rates still were significantly lower than the respective control for each pH-adjusted PKE solution, except 50% PKE (2), which was not significantly different from the control.
Initial SPE manipulations were conducted with PKE that was filtered through membrane filters prior to SPE. Solid phase extraction performed at pHi (ϳ8.2) did not reduce the toxicity of PKE to C. dubia, and there was only a slight increase in fecundity rates in PKE solutions subjected to SPE at pH 3 (Fig. 4A) . From this point onward, all major pH adjustments (to pH 3 or 11) were made on the supernatant of PKE, rather than the filtrate. With SPE of PKE at pH 3 or 11 ( Fig. 4B) there was a significant increase in fecundity rates. A similar result was observed when PKE was adjusted to pH 3 or 11 without SPE, which indicated SPE was not necessary to reduce the toxicity of PKE (Fig. 4C) . Between the control and PKE (1) there was no significant difference, which indicated that the toxicity was completely removed with major pH adjustments alone (Fig. 4C) . Although major pH adjustments did not completely remove the toxicity of PKE (2), still there was a significant increase in fecundity rates compared to unadjusted PKE (2) (Fig. 4C) .
The toxic fraction of PKE was removed completely with the addition of cationic and anionic resins and partially reduced with the addition of activated charcoal (Fig. 4D) . Manipulations with bentonite and kaolinite failed to meet criteria for a valid test; 60% of controls did not have three broods with more than 15 neonates in 7 Ϯ 1 d [13] . However, there was 100% survival for all controls in all treatment groups, which revealed some important trends. First, 100% PKE was toxic to C. dubia because there was no survival and second, ex-Environ. Toxicol. Chem. 23, 2004 S.J.C. de Rosemond and K. Liber (1) and (2) are tests conducted with different batches of effluent. An * denotes a significant difference in fecundity between exposure to unmanipulated PKE and manipulated PKE. A ‡ denotes no significant difference between exposure to the manipulated control water and manipulated PKE.
Fig. 4. The mean (Ϯ standard deviation) percentage of neonates per
Ceriodaphnia dubia replicate relative to the respective control for (A) solid phase extraction (SPE), (B) SPE with pH adjustments, (C) major pH adjustments alone, and (D) cationic resin, anionic resin, and activated charcoal manipulations of processed kimberlite effluent (PKE). Both PKE (1) and (2) are tests conducted with different batches of effluent. An * denotes a significant difference in fecundity between unmanipulated PKE and manipulated PKE. A ‡ denotes no significant difference between exposure to the manipulated control water and manipulated PKE.
posure to PKE with either 1 g/L of bentonite or kaolinite increased survival to 20 and 60%, respectively; and exposure to 5 g/L of bentonite or kaolinite increased survival to 80% in both cases.
Phase II TIE tests
Analysis of PKE by inductive coupled plasma-mass spectrometry determined that metals were not present at concentrations that should be chronically toxic to C. dubia, assuming comparable toxicity to D. magna ( Table 2 ). The ammonia concentrations in 100% filtered PKE ranged from 0.6 to 1.1 mg/L; the mean concentration was 0.9 Ϯ 0.1 mg/L (Table 1) .
Additional toxicity tests
Fecundity of C. dubia was not affected by increasing the total hardness of reconstituted water from 115 mg/L (culture water hardness) to 220 mg/L as CaCO 3 (representative effluent hardness). The toxicity test with ammonia produced a 7-d LC50 estimate of 14.01 Ϯ 4.44 mg/L and a 7-d EC50 estimate of 4.89 Ϯ 1.38 mg/L. Both estimates were substantially higher than the ammonia concentration measured in PKE.
The 48-h LC50 estimates, based on nominal concentrations, were 0.32 mg/L for the cationic DADMAC polymer and 218.1 mg/L for the anionic PAM polymer (Table 3) . Manipulations of the polymers with either pH adjustment, or filtration prior to pH adjustment, did not alter the acute toxicity of either polymer ( Table 3 ). The 7-d EC50 and EC20 estimates for the DADMAC polymer were 0.014 and 0.0042 mg/L, respectively.
DISCUSSION
A weight-of-evidence approach was used to identify the toxic component of PKE because most of the TIE manipulations provided very little direct information on the specific nature of the toxicant. Originally, it was thought that filtration would reduce the chronic toxicity of PKE to C. dubia because previous research had demonstrated that the removal of total suspended solids by filtration significantly reduced the toxicity of kimberlite minerals in solution [2] [3] [4] . The persistence of PKE toxicity despite filtration indicated that PKE contained toxic components that either were not identified and/or not present when toxicity testing was conducted on the crushed kimberlite solutions. Components that were known to be added to PKE, and were not in the previously tested crushed kimberlite solutions, were the treated sewage effluent, the synthetic polymers, and the wastewater from the diamond extraction processes. The possibility that either the treated sewage effluent or raw processing plant intake water contributed to toxicity was eliminated through toxicity testing, suggesting that the toxicity of PKE was generated within the processing plant.
The only known toxic components added to PKE during processing were the cationic DADMAC and anionic PAM polymers. The DADMAC polymer was added to kimberlite fines at a rate of 35 g/t and the PAM polymer at a rate of 55 g/t (Curtis Mohns, Plant Metallurgist, Ekati Diamond Mine, [31] , except for molybdenum, which is the 7-d IC50 for Ceriodaphnia dubia, Naddy et al. [32] . e Aluminum concentration was determined for only one sample. Yellowknife, NT, Canada, personal communication). It was difficult to estimate the final concentration of these polymers in PKE because wastewater from the diamond extraction processes is recycled within the processing plant and analytical procedures to detect the polymers were not available. However, given that approximately 40% of PKE was crushed kimberlite and approximately 60% water [5] , the final concentration of DADMAC and PAM polymers in PKE should be approximately 40% of the original dosage to the kimberlite fines, or approximately 14 and 22 mg/kg, respectively (assuming a PKE density of 1.0). Anionic polymers tend to be relatively nontoxic to aquatic invertebrates [7, 19] . Toxicity testing of the PAM copolymer determined that the C. dubia 48-h LC50 estimate of 218 mg/ L was comparable to the D. magma 48-h EC50 estimate of 212 mg/L reported in the material safety data sheets. It is, therefore, unlikely that the anionic polymer was responsible for the toxicity of PKE because the estimated total concentration of the PAM polymer in PKE (22 mg/L, most of which should be bound) was approximately ten times lower than the concentration that was acutely toxic to daphnids. It is not suggested that the anionic polymer was not responsible for some PKE toxicity, only that it appears that the contribution to PKE toxicity was minor compared to that of the cationic polymer.
Cationic polymers are very toxic to several cladoceran species and fathead minnows [7] [8] [9] [10] 20, 21] , most likely as a result of surface membrane interactions. Biesinger and Stokes [10] found that electrostatic forces bound the cationic polymer to negatively charged sites on fish gills and induced lamellar cell proliferation that eventually destroyed the lamellae structure. Increased lamellar cell proliferation decreased respiration efficiency as the distance between oxygen in the water and red blood cells in the gill epithelium increased. It is likely that fish mortality was a result of suffocation and reduced ability to maintain internal ionic balance [10] . The mechanism of toxicity of cationic polymers to cladocerans is believed to be slightly different. Here, the polymer will bind to the surface of the integument and/or to appendages, thus inhibiting movement and the subsequent uptake of nutrients [22] . Smaller daphnids tend to be more susceptible to the physical effects of cationic polymers due to greater surface area in relation to size [8, 22] . The 48-h LC50 estimate for the DADMAC polymer to D. magma has been reported as 0.33 mg/L (listed in the material safety data sheets), which was comparable to the 48-h LC50 estimate of 0.32 mg/L established here with C. dubia. The 7-d EC50 estimate of 0.014 mg/L for the DAD-MAC polymer was 1,000 times lower than its estimated concentration in PKE. Therefore, less than 0.1% of this polymer would have had to be free in solution to elicit the observed toxic effect of PKE to C. dubia.
Unfortunately, a true weight-of-evidence approach could not be used to confirm that excess cationic polymer was responsible for the toxicity of PKE because it was impossible to obtain effluent samples without the cationic polymer for toxicity testing purposes. It is, however, possible that the cationic polymer was added in slight excess to kimberlite fines within the processing plant. The identification of the cationic polymer as the toxic component of PKE, therefore, is based on the high toxicity of this compound to C. dubia, the estimated concentration of the polymer in PKE, evidence from the TIE manipulations performed, and the behavior of kimberlite minerals in solution.
The complete removal of the toxic fraction of PKE with major pH adjustments and filtration provided little specific information on the nature of the toxicant(s), but indicated that components of PKE were being modified chemically and/or structurally by pH. These toxicants could have then been destroyed or sorbed to particulate matter and removed via filtration. Initially, it was thought that the loss of PKE toxicity with major pH adjustments was due to chemical alterations of the cationic polymer that rendered it nontoxic to aquatic organisms. Soponkanaporn and Gehr [23] demonstrated that the degradation of cationic ester-type polyacrylamides was pH dependent. Ester hydrolysis will cleave the cationic functional groups from the polymer backbone to form low molecular weight compounds, while the backbone of the polymer essentially would become insoluble with the loss of the cationic moiety and thereby become nonbioavailable [19] . Neither the cationic DADMAC polymer nor the anionic PAM polymer contained an ester-type bond, which is reflected by the failure of major pH adjustments to reduce substantially the toxicity of these compounds to C. dubia.
Because the reduction in PKE toxicity with pH adjustments is not believed due to polymer degradation, it is thought that modifications to the minerals found in kimberlite may have facilitated the removal of the toxic component. It is most likely that major pH adjustments altered the chemistry of the kimberlite minerals, or affected the electrostatic surface charges of suspended colloids, in such a manner that the cationic polymer became bound and was no longer available to elicit a toxic response. The Ekati Diamond Mine kimberlites are predominantly composed of olivine, specifically the magnesium-rich type, foresterite (Mg 2 SiO 4 ) [24] . In acidic aqueous environments, olivine will undergo rapid hydrolysis to silica ( )
Ϫ4
SiO 4 and metal ions (e.g., Mg 2ϩ , Ca 2ϩ ) [25, 26] ; while in highly alkaline environments, the rate of metal ion leaching from olivine decreases and magnesium hydroxide (Mg[OH] 2 ) precipitates will form [24] (Fig. 5) . Though these two reactions seem to be opposite in nature, it is postulated that both will effectively expose electrostatic charges on the surface of colloidal particles. Once exposed, the negative charges will bind the cationic DADMAC polymer, which would result in its removal from PKE with filtration (Fig. 5) .
The reduction of PKE toxicity at pH 3 is thought to be a result of increased negative surface charges caused by the dissolution of kimberlite minerals and the subsequent formation of phyllosilicate clays [25] . It has been shown that as olivine dissolves in acidic media, cavities will form on the surface of mineral particles at points where hydrolysis of the individual minerals proceeds at different rates. The cavities are presumed to be negatively charged as H ϩ tends to accumulate at these sites [25, 26] . It is thought that the rapid alteration in the surface charges of minerals may attract the cationic polymer, which subsequently would bind to the surface of the colloidal particles. Once bound to the surface, it is likely that the cationic polymer and colloids formed aggregates that were removed effectively through filtration.
The loss of magnesium may be an important part of the reduction in PKE toxicity at alkaline pH. It is well known that magnesium will act as a coagulant. Magnesium cations have the ability to reduce electrostatic charges on the surface of colloidal particles and magnesium salt (MgSO 4 ) has been used as an inorganic coagulant to settle colloidal suspensions of kimberlite fines [27] . The lower concentration of the magnesium cation in solution may have increased the ability of the cationic polymer to bind to the surface of the colloids and form particle aggregates, which would have resulted in its removal from PKE with filtration.
It is postulated that the formation of phyllosilicate clays (e.g., serpentine and vermiculite) from kimberlite minerals during acid hydrolysis [25] also may have facilitated the removal of excess cationic polymer at pH 3. These clays have a higher cation exchange capacity (CEC) than the parent mineral, olivine [28] . The increased negative surface charges on these particles increase the possibility that the positively charged polymer was bound and removed with filtration at pH 3, because cationic polymers interact with the surface of colloidal particles through cation exchange mechanisms [29] . Therefore, the greater the CEC of colloids in solution, the greater are the chances that the cationic polymer will be removed. Vermiculite clays have a CEC of 120 to 200 meq/100 g, as opposed to the kimberlite minerals in PKE, which have a CEC of 2.79 to 28.72 meq/100 g [24, 28] .
The reduction in PKE toxicity with the addition of bentonite or kaolinite also supports the theory that acid hydrolysis of kimberlite into very fine clays could have reduced the concentration of excess cationic polymer in solution. The addition of clays to pure water solutions containing cationic polymers has been shown to reduce the toxicity of these polymers to daphnids and fathead minnows [8, 20] . It was thought that bentonite, which has a CEC of 80 to 150 meq/100 g, would be more effective at reducing the toxicity of cationic polymers in solution than kaolinite, which has a CEC of 1 to 10 meq/ 100 g [28, 30] . The near-equal reduction in PKE toxicity observed with the addition of both clays in this study may be a result of other interactions occurring. It also is possible that Mg 2ϩ was interfering with the ability of the cationic polymer
Polymer toxicity in a diamond mine effluent Environ. Toxicol. Chem. 23, 2004 2241 to interact with the surface of clays in solution by forming a cloud of cationic particles around the surface of the anionic colloids. Thus, excess cationic polymer still would be available to elicit a toxic response. There may be several possible reasons why activated charcoal did not remove PKE toxicity, but it generally is thought that the cationic polymer was not able to bind effectively to the activated charcoal. The reduction of PKE toxicity with the addition of both the anionic and cationic resins may have been a result of the pH changes to PKE that both resins caused. The cationic resin caused PKE to drop from pH approximately 8 to 3, whereas the anionic resin increased the pH to approximately 11. Likewise, the reduction in toxicity may have been as a result of the interaction of cationic polymer with negatively charged resins. The cationic resin, in solution, will carry a net negative charge and should bind to positively charged particles such as the cationic polymer, which subsequently would be removed during the filtration process.
CONCLUSION
A weight-of-evidence approach, based on all of the evidence presented in this study, was used to support the conclusion that the cationic DADMAC polymer was the toxic component of filtered PKE. This weight-of-evidence incorporated the results of polymer toxicity tests and TIE experiments, knowledge of the components of PKE, and predictions of the behavior of kimberlite minerals in solution. Positive confirmation that the cationic polymer was responsible for the observed toxicity only could have been achieved if the processing plant at the Ekati Diamond Mine had suspended polymer use so that a sample of effluent without polymers could have been tested. Alternatively, confirmation may have been achieved if it had been possible to determine analytically the concentration of the polymers in PKE, which it was not.
